Thiapyrylium salt 1 is an efficient photocatalyst in the Diels-Alder reaction between indoles (InHs) and 1,3-cyclohexadienes (CHDs). For instance, irradiation of deaerated dichloromethane solutions containing 1 (1 mM), indole (20 mM) and cyclohexadiene (40 mM), in the presence of an acylating agent, led to the Diels-Alder cycloadduct in 62% yield (endo:exo ratio of 1.8:1). Taking into account the very high intersystem crossing yield (Φ isc = 0.97) of thiapyrylium salt 1, involvement of its triplet excited state in this Diels-Alder reaction has been studied using steadystate and time-resolved experiments; the results are compared with those previously obtained for pyrylium salts, which exhibit a considerable fluorescence quantum yield and are assumed to operate via electron transfer from the InH to their singlet excited state.
Introduction
The Diels-Alder reaction is a well established synthetic method in organic chemistry, which allows creation of two new carbon-carbon bonds, leading to the formation of six-membered rings. However, this reaction is generally inefficient when both diene (D) and dienophile (A) are electron-rich compounds. 1, 2 Several strategies have been devised to overcome this limitation.
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One of them makes use of triarylpyrylium salts as electron transfer photocatalysts. 6 Indole (5) quenches the fluorescence of triarylpyrylium salts; therefore, it has been suggested that the photocatalysts singlet excited state is involved in the cycloaddition process. Electrochemical and photophysical properties, such as reduction potential, fluorescence quantum yield and T-T absorption spectrum of pyrylium salts, are often influenced by the substitution pattern of the aryl groups and by the nature of the heteroatom in the heterocycle. 8 The value of the oxidation potential seems to be a major factor conditioning the product yields and product distribution. 8 In particular, it has been published 6 that the Diels-Alder reaction between phellandrene (4b) and 5 improves from 57% to 67% when tris(4-methoxyphenyl)pyrylium 3 (E red = -0.52 V vs SCE) is used instead of 2 (E red = -0.29 V vs SCE) 9 as catalyst (Chart 1, Scheme 1). Also, the fluorescence quantum yield of 3 (Φ f = 0.97), the highest among the studied pyrylium salts, could contribute to the increased reaction efficiency. Concerning the effect of spin multiplicity of the photocatalyst on this cycloaddition, no data has been reported as yet. Taking into account that the sulfur atom in thiapyrylium salt 1 exerts an internal heavy atom effect, leading to a very high intersystem crossing quantum yield (Φ isc = 0.97), 10 it appeared of interest to study the role of this factor in the cycloaddition between InHs and 1,3-cyclohexadienes (CHDs). Herein, we report that, as a matter of fact, 1 photocatalyzes this Diels-Alder reaction with similar efficiency as the oxa-analogues, though with a lower stereoselectivity. Steady-state and time resolved studies agree well with the involvement of both the singlet and the triplet excited states. 
Scheme 1. Diels-Alder reaction photocatalyzed by pyrylium salts.
Results

Steady-state irradiation
The UV-visible absorption spectra of 1 in the absence and in the presence of indole (5) and CHD (4a) were obtained in dichloromethane. The absence of any characteristic charge transfer (CT) absorption in the presence of the quenchers agreed with the absence of ground-state complexation ( Figure 1 ). 10 The intense absorption band at λ>320 nm allows selective excitation of the thiapyrylium salt in the presence of InHs and CHDs. Product studies were performed by irradiation (UVA lamp emitting at 400 nm ≥ λ ≥ 320 nm) of deaerated dichloromethane solutions of 1 (0.001 M), 4a (0.04 M) and 5 (0.02 M) for 6 h. Previous reports on this reaction using triarylpyrylium salts as photocatalysts have stressed the need to protect the amino group of the nascent photoadduct. 6 Therefore, an acylation reagent (acetyl chloride/NaHCO 3 ) was also added to the reaction mixture prior to irradiation. Indeed, the acylated Diels-Alder products 7a were obtained in ca. 62 % yield, with an endo:exo ratio close to 1.8:1 (Scheme 1 and run 1 of Table 1 ). Slightly higher yield (70%) and selectivity (endo:exo 3.3/1.0) has been achieved using 2 as photocatalyst (run 2, Table 1 ). 6 As in the case of using pyrylium salts 2 or 3 as photosensitizers, no [2+2] cross-cycloaddition products were detected.
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Electron transfer from 4a to 1 led to CHD dimers as by-products (7 % relative to the initial amount of 1,3-cyclohexadiene), with an isomer distribution typical of radical cation dimerizations. The major product was the endo-[4+2] dimer, which agrees with the high selectivity found when 1 was used for the dimerization of CHD in dichloromethane. 8 Control experiments showed that [4+2] cross-cycloaddition did not occur in the absence of 1. Also, irradiation of N-acetylindole and cyclohexadiene in the presence of 1 gave only traces amounts of 7a.
α-Phellandrene (racemic mixture) 4b was also tested in the cross-cycloaddition with 5 photoinduced by 1. This 2,5-disubstituted CHD derivative led to a similar yield of Diels-Alder products as 4a (compare runs 1 and 3 of Table 1 ). However, 2 was less efficient with 4b than 4a, and formation of 7b occurred with a 57% yield. 6 Better efficiency and selectivity were achieved with the stronger electron acceptor pyrylium salt 3 6 (run 5 of fluorescence quantum yield (Φ f = 0.97 for 3 vs 0.47 for 2). The relative stereoselectivity found in the pyrylium salts-promoted cycloaddition follows the order 1 < 2 < 3. On the other hand, experiments previously performed with 2 have shown that 2-methylindole does not lead to photoadducts with CHD in the pyrylium salt-photocatalyzed process, while methyl 3-indolylacetate reacts only sluggishly. 6 These results have been attributed to steric hindrance at the attacked indole positions. In order to check the possible influence of steric effects at other positions, 7-methylindole (6) was used as dienophile with 1 as photocatalyst; this provided 8 11 in a moderate yield and similar stereoselectivity as 7a (run 6, Table 1 ).
Fluorescence studies
To get some insight into the photophysical behavior of the excited singlet state of 1, its quenching by 5 and 4a was examined in dichloromethane. Indeed, the fluorescence (λ max = 464 nm in dichloromethane, Figure 2 Thus, the free energy change, ∆G 0 ET , for the electron transfer process in dichloromethane was estimated as -32.1 kcal.mol -1 using the known half-wave oxidation potential of indole (around 1.1 V vs SCE) 13 and half-wave reduction potential of 1 (-2.53 V vs SCE ). 14 The rate constants for quenching of the fluorescence of pyrylium salt 2 by indole and cyclohexadiene were also determined (5.2 x 10 10 M -1 s -1 and 1.0 x 10 10 M -1 s -1 , respectively). In addition, the free energy change associated with electron transfer from 5 to the excited singlet state of the pyrylium salt was estimated at -30.2 kcal.mol -1 .
Intersystem crossing contribution to deactivation of the thiapyrylium singlet
To quantify the amount of triplet excited state of 1 formed, the relative intersystem crossing yields under the employed reaction conditions were estimated taking into account the main deactivation pathways of the singlet excited state: fluorescence emission, fluorescence quenching, and intersystem crossing. Competition between them should be governed by the respective rate constants and by the quencher concentration. The rate constant of fluorescence emission (k f ) and intersystem crossing (k ISC ) are intrinsic properties of the photocatalyst. The values for 1 were calculated from eqs 6 and 7 (τ f = 3.6 ns 8 and Φ f = 0.03 15 ) and found to be k f = 0.8 x 10 7 s -1 and k ISC =2.7 x 10 8 s -1 .
[4a] (mM) Thus, it is clear that i) intersystem crossing to the triplet excited state has a considerable contribution to singlet deactivation, and ii) the triplet excited state of the photocatalyst is sufficiently populated. It may behave as electron acceptor towards indole, since this process is thermodynamically feasible. Accordingly, the free energy change for the electron transfer process in dichloromethane was estimated as ∆G 0 ET = _ 18.1 kcal.mol -1 using eq. 5, where E 0,0 * is the triplet energy of the thiapyrylium salt (52.0 kcal.mol -1 ).
14 Similar calculations with 2 led to a relative intersystem crossing yield of 8%.
Quenching of the photocatalyst triplet
Laser excitation (Nd:YAG, 10 ns laser pulse, λ exc = 355 nm) of dichloromethane solutions containing thiapyrylium salt 1 (1.6 x 10 -5 M) gave rise to a depletion of the ground state absorption between 390 and 440 nm. This was followed by the appearance of a broad transient absorption between 460 and 600 nm, with a lifetime of ca. 6.9 µs (Figure 4) , which was assigned to the known T-T transition of 1.
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Both diene 4a and dienophile 5 quenched the triplet excited state of the thiapyrylium salt; the rate constants for triplet quenching ( 3 k q and 3 k q´) were measured by monitoring the decay of the T-T transition at 500 nm, using increasing amounts of the quencher and recording the SternVolmer plots ( 
Discussion
Photoinduced electron transfer (PET) processes involve exchange of one electron between the excited state of the photocatalyst (singlet or triplet) and the quencher, generating a radical ion pair. The efficiency of the subsequent processes can depend on spin multiplicity. 16 Triplets are usually longer-lived, which allows the partners to diffuse and react. Moreover, back electron transfer is slow within the triplet radical ion pairs, facilitating cage escape. Pyrylium salts are well-established PET photocatalysts; depending on the substitution pattern they can generate singlet or triplet radical ions pairs. The use of thiapyrylium salt 1, with the highest intersystem crossing quantum yield, allows determining the effect of the triplet on the Diels-Alder reaction of InHs with CHDs. The fluorescence quenching of 1 by indole and the large free energy changes associated with electron transfer from indole to the excited singlet state of the thiapyrylium salt strongly suggest that this process takes place quite efficiently from 5 to the singlet excited state of 1. Nevertheless, the triplet is also populated and efficiently quenched by 5, being electron transfer thermodynamically feasible. Therefore, the electron transfer from indole not only to the singlet excited state of 1 but also to the triplet can be an important primary process. The fact that the yields of the Diels-Alder reaction are similar for 1 and 2, but with reduced stereoselectivity when using the former, could agree with the much higher contribution of the photocatalyst triplet excited state in the case of the thiapyrylium salt.
Conclusions
The [4+2]-cycloaddition of indoles with 1,3-cyclohexadienes can be efficiently photocatalyzed by thiapyrylium salts. The experimental results agree with partial involvement of the triplet excited state in the electron transfer process. Cross-cycloadducts yields are similar to those obtained using the oxa-analogues, though the process is less stereoselective. So far, this is the only reported example of thiapyrylium photocatalyzed cycloaddition of indoles with cyclohexadienes.
Experimental Section
General Procedures. 1 H and 13 C NMR spectra were recorded in a (400 MHz) Brucker spectrometer; chemical shifts (δ) are reported in ppm relative to TMS. The coupling constants (J) are in hertz (Hz). Dichloromethane was dried over CaCl 2 and distilled over CaH 2 prior use. All reagents were commercially available and used without further purification, except 1,3-cyclohexadiene (distilled over NaBH 4 ). Column chromatography was performed on silica gel 60 (0.040-0.063 mm). GC/MS data are taken under electron ionization (EI) conditions of about 30 eV. High-resolution mass spectra (HRMS) were conducted at the SCSIE in Valencia, Spain.
Steady-state spectroscopic measurements. UV/vis absorption measurements were performed on a Agilent 8453 spectrometer. Fluorescence emission and excitation spectra were recorded on a Photon Technology International (PTI) LPS-220B fluorimeter. Measurements were done at 25 °C in cuvettes of 1 cm path length.
Laser flash photolysis. Laser flash photolysis experiments were carried out by using the third harmonics (355 nm) of a pulsed Nd:YAG laser. The pulse duration was 10 ns, and the energy of the laser beam was 18 mJ /pulse. A xenon lamp was employed as detecting light source. The laser apparatus consisted of the pulsed laser, the Xe lamp, a monochromator, a photomultiplier (PMT) system and an oscilloscope. The output signal was transferred to a personal computer for data analysis.
Standard procedure for the Diels-Alder reactions. To a deaerated dichloromethane (5 mL) solution of indole (0.02 M), 1,3-cyclohexadiene (0.04 M) and powdered NaHCO 3 (18 mg), acetyl chloride (0.02 M) was added. Then, the thiopyrylium salt (0.001 M) was added under a nitrogen atmosphere. Irradiation was carried out in a photoreactor equipped with eigth UVA lamps (400 nm  ≥ λ  ≥ 320 nm, λ max centered at 350 nm). The solutions were irradiated for 6 h, then filtered, washed with water and dried over Na 2 SO 4 . The solvent was evaporated and the crude was analyzed by 1 H-NMR.
